Abstract. The ability to detect K-ras oncogene may provide additional information for the management of patients with non-small cell lung cancer (NSCLC). In the present study, we detected the K-ras oncogene in 76 patients with NSCLC by two methods: direct sequencing of K-ras in tumor tissues and membrane array detection of the gene overexpression specific for activated K-ras in peripheral blood. The results showed that 28 (36.8%) of the 76 Taiwanese NSCLC patients had K-ras mutations, with a frequency of 36.4% (20/55) in adenocarcinomas and 38.1% (8/21) in squamous cell carcinomas. The K-ras mutations were more frequently found in smokers than in non-smokers (51.4 vs. 24.4%, P=0.015). The incidences of K-ras mutation in the subgroups of non-smokers and squamous cell carcinomas are relatively higher in Taiwan than in other countries. On the other hand, the membrane array method could positively detect circulating activated K-ras in all of the 27 NSCLC patients with K-ras mutations at codons 12, 13 and 61, and in 4 of the 48 patients with wild-type K-ras. Our results suggest that the K-ras oncogene membrane array serves as a sensitive and convenient tool for the detection of K-ras oncogene, and therefore, has a great potential for clinical applications.
Introduction
Lung cancer is the leading cause of cancer deaths worldwide. After decades of extensive research to improve the diagnosis and treatment for lung cancer, its prognosis remains unsatisfactory. The average 5-year survival of patients with lung cancer is only 15% (1) . Recently, molecular technology has been largely used for the understanding of tumorigenesis of lung cancer. It was hopeful that the applications of such molecular approaches in the clinical management of lung cancer, including early diagnosis, risk stratification, and even the guidance of individualized anti-cancer therapy, could further improve the survival rate for this malignancy.
The Ras proteins play an important role in cellular signal transduction, which regulates cell functions such as growth, differentiation, angiogenesis and survival. Mutational activation of Ras oncogenes is found in approximately 30% of all human cancers (2) . Three human Ras genes have been identified: H-ras, K-ras and N-ras. Mutations of K-ras, the most frequently mutated gene of the Ras family, are predominantly found in pancreatic cancer, colorectal cancer and lung cancer; N-ras mutations are predominantly found in melanomas and acute leukemias; while H-ras mutations are rare (3) . According to the serial studies of K-ras oncogene in human lung cancer by Rodenhuis et al (3) (4) (5) (6) (7) , K-ras mutations are detected in 15-20% of non-small cell lung cancer (NSCLC), and particularly, 30-50% of adenocarcinomas. In total 80% of K-ras mutations occur in codon 12, others are located in codons 13 and 61. The majority of the point mutation is G-T transversion. They also found that exposure to carcinogenic agents in tobacco smoke is an important factor in the induction of point mutations in K-ras in lung adenocarcinomas. The accumulating evidence suggests that mutational activation of K-ras is an adverse prognostic factor for lung cancer (8, 9) . Recently, K-ras was investigated as a target for cancer therapy. Several therapeutic agents have been developed by means of inhibition of the Ras protein expression, inhibition of K-ras processing, targeting mutant K-ras protein or targeting Ras effectors (2) . Therefore, it is expected that the ability to detect activated K-ras may provide additional diagnostic, prognostic and therapeutic information for the management of patients with NSCLC.
Conventionally, detection of activated K-ras oncogene depends on identifying K-ras mutations in tumor tissues. However, activation of K-ras oncogene is not exclusively associated with K-ras mutation. Studies have shown that in the absence of activating mutations, K-ras may still play a role in oncogenesis via Ras gene amplification, overexpression or upstream activation of the pathway (10) (11) (12) (13) In our previous studies, we employed the microarray technique combined with bioinformatics tools to screen all differentially expressed genes after activated K-ras oncogene in human adrenocortical cells transfected with a K-ras mutant, and determined 22 potential gene targets. Then, a membrane array blotted with these 22 gene probes was constructed and applied to test the peripheral blood samples from patients with various cancers. The results demonstrated that the K-ras oncogene membrane array had a remarkable potential to detect activated K-ras in human cancers (14) (15) (16) (17) .
In the present study, we not only detected the K-ras mutations by direct sequencing of the K-ras gene in tumor tissues from 76 patients with NSCLC, but also detected activated K-ras oncogene in their peripheral blood samples by using the membrane array method. The primary aim of this study was to evaluate the efficacy of the blood test with K-ras oncogene membrane array for the detection of activated K-ras in NSCLC patients. We also intended to explore the spectrum of K-ras mutation in NSCLC patients in Taiwan. The correlations between the activated K-ras and the clinicopathological features of NSCLC patients were also analyzed.
Materials and methods
Patients and specimen collection. The study was approved by the Institutional Review Board of Kaohsiung Medical University Hospital. Seventy-six patients of pathology-proven NSCLC who had undergone surgical resection or biopsy between January 2004 and December 2005, and 20 normal persons were enrolled in this study. Written informed consents were obtained from all subjects prior to sample collection. Five milliliters of peripheral blood were collected with test tubes containing anticoagulant sodium citrate from each of the enrolled patients before receiving any tumor manipulations (i.e., aspiration, biopsy or surgical resection) and any anticancer treatment, and from normal persons during health examinations. To avoid the contamination of skin cells, the sampled blood was taken via an intravenous catheter, and the first few milliliters of blood were discarded. Total-RNA was immediately extracted from the peripheral whole blood, and then served as templates for cDNA synthesis. Surgically removed tumor tissues were frozen in liquid nitrogen immediately after surgical resection and stored at -80˚C until analysis. Complete staging procedures including chest radiography, bronchoscopy, brain and thoracic computed tomography, sonography, and bone scintigraphy were carried out to precisely determine the characteristics of primary tumor (T), nodal involvement (N) and metastasis (M) in the NSCLC patients according to the revised international system for staging lung cancer (18) .
DNA and total-RNA extraction. Genomic DNA was isolated from the surgically removed tumor tissues using proteinase-K (Stratagene, La Jolla, CA) digestion and phenol/chloroform extraction procedure according to the method by Sambrook (19) . Total-RNA was extracted from the peripheral whole blood with Isogen™ (Nippon Gene Co., Ltd., Toyoma, Japan) according to the manufacturer's instructions. RNA isolates were then analyzed by using a spectrophotometer (Beckman, DU800, USA) at wavelengths of 260/280 nm, and those with 260/280 nm absorption ratio >1.8 were immediately subjected to cDNA synthesis. Poly(A) + -enriched RNA was purified from total-RNA by using Dynabeads ® mRNA Direct™ kit (Dynal A.S., Oslo, Norway). Then, 2 μg of Poly(A) + RNAs from each sample was subjected to double-strand cDNA synthesis by using the Smart™ PCR cDNA synthesis kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's protocol.
Direct sequencing. To identify mutations of the K-ras gene, polymerase chain reaction (PCR) analysis was performed. The oligonucleotide primers for exons 1 and 2 were used (Table I) . Briefly, the PCR amplification of DNA samples (20 ng) was carried out in a 50 μl reaction volume with a final concentration of 1X PCR buffer [10 mmol/l Tris-HCl (pH 8.3), 1.5 mmol/l MgCl 2 , 50 mmol/l KCl, and 0.01% gelatin], 100 mmol/l deoxynucleotide triphosphate (Promega), and 5 U (1 U/μl) of BioTools DNA polymerase (Biotechnological and Medical Laboratories, S.A., Madrid, Spain) for each reaction. The PCR products were purified by the QIAEX II gel extraction kit (Qiagen Inc., Valencia, CA, USA) and then subjected to sequencing using a double-stranded cycle sequencing system (Gibco-BRL, Gaithersburg, MD). The Table I . Nucleotide sequences of primers used for PCR and DNA sequencing. Table II . Oligonucleotide probe sequences used for membrane array assays.
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purified products were then sequenced directly with a T7 promoter/IRD800 (LI-COR, Lincoln, NE), which is a T7 promoter primer (Table I) labeled with a heptamethine cyanine dye, or using DNA polymerase incorporating IRD-labeled dATP for sequencing reaction. Upon completion of the sequencing reaction, 4 μl of formamide loading buffer was added to the reaction mixture, and the sample was heated to 95˚C for 5 min, snap cooled and loaded onto the sequencing gel.
An automated DNA electrophoresis system (Model 4200; LI-COR) with a laser diode emitting at 785 nm and fluorescence detection between 815 and 835 nm was used to detect and analyze the sequencing ladder. Electrophoresis was performed on a 41 cm x 25 cm x 0.2 mm gel consisting of 6% Long Ranger gel matrix (AT Biochem; Malvern, PA) with 7 M urea and a running buffer consisting of 133 mM Tris base, 44 mM boric acid and 2.5 mM EDTA, pH 9.0 at 50˚C. From each sequencing reaction, 1.5 μl of the sample was loaded on each lane. Following the loading of samples, electrophoresis was carried out at a constant voltage of 2000 V with the gel heated to 50˚C. Data collection and image analysis was performed by an IBM486 (Model 90) using the Base Image IR software supplied with the model 4200 DNA sequencer.
Membrane array analysis. The design and preparation of membrane array was based on our previous study (17) . Briefly, OMP3 (Oligonucleotide Modeling Platform, DNA Software) was used to design the probe sequences for the 22 target genes (Table II) . The newly synthesized oligonucleotide fragments were dissolved in DI water to a concentration of 20 mM and then applied to a Biojet Plus 3000 nanoliter dispense system (BioDot Inc., Irvine, CA, USA), which blotted the 22 target genes, one housekeeping gene (ß-actin), and one nonmammalian plant gene (50 nl per spot and 1.5 mm between spots) on Nytran ® SuperCharge nylon membrane (Schleicher & Schuell, Keene, NH) in triplicate. DMSO was also dispensed onto the membrane as a blank control. On the other hand, first-strand cDNA targets for hybridization were produced by reverse transcription of mRNAs from the peripheral whole blood of 76 NSCLC patients and 20 healthy volunteers in the presence of digoxigenin (DIG)-labeled UTP (Roche Diagnostics GmbH, Penzberg, Germany). The DIG-labeled cDNA was added to the ExpressHyb Hybridization Solution (BD Biosciences, Palo Alto, CA, USA) to form the hybridization mixture. Hybridization was carried out at 42˚C for 12 h in a humid chamber. After hybridization, the membrane arrays were washed, blocked, and then incubated for 30 min in antibody solution containing alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics). Color development was carried out by incubating the hybridized membranes in a chromogen solution containing nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) for 15 min.
The membrane arrays were then scanned with an Epson Perfection 1670 flat bed scanner (Seiko Epson Corp., Naganoken, Japan). The intensity of spot image was quantified by using AlphaEase ® FC software (Alpha Innotech Corp., San Leandro, CA, USA). The spot intensity of each gene marker was then normalized to that of ß-actin to obtain the 'expression ratio'. The normal expression ratio of a single gene was determined by calculating the mean expression ratio of the respective gene in the 20 healthy volunteers. Individual genes with an expression ratio 2-fold higher than the corresponding normal expression ratio were considered as 'positive' (overexpressed) using membrane array analysis. According to our previous study, the optimal threshold number of overexpressed (positive) markers using membrane array to define the test outcome was 11. In other words, when ≥11 or more of the 22 target genes were positive (overexpressed), the membrane array assay was defined as 'positive'.
Statistical analysis. All data were analyzed using the Statistical Package for the Social Sciences version 11.5 software (SPSS Inc., Chicago, IL). The χ 2 test was used to analyze the correlation between membrane array results and the clinicopathological features of NSCLC patients. A P-value of <0.05 was considered to be statistically significant.
Results

Clinicopathological features of NSCLC patients.
The mean age of the 76 NSCLC patients was 61 years (range, 37-87). Thirty-two were males and 44 were females. The histological subtypes in these NSCLC patients were as follows: 55 patients (72.4%) had adenocarcinoma and 21 patients (27.6%) had squamous cell carcinoma (28%). According to the revised international system for staging lung cancer, 10 patients were at stage I (a+b), 21 at stage II (a+b), 20 at stage III (a+b), and 25 at stage IV.
Detection of K-ras mutations by direct sequencing. Direct sequencing was carried out to identify the mutations of K-ras in 76 patients with NSCLC. A representative example of direct sequence analysis, which demonstrated a point mutation (GGT¨GGC) at codon 12, was shown in Fig. 1 . The results showed that 28 (36.8%) of the 76 NSCLC patients had K-ras mutations. Codons 12 and 13 were the mutation hotspots. Twenty-one (75%) of the 28 mutations were located at codon 12, and 5 (17.8%) were located at codon 13. K-ras mutations also occur at codons 31 and 61, each with one NSCLC patient. Regarding the histological types, 20 (36.4%) of the 55 lung adenocarcinomas had K-ras mutations, with 15 at codon 12, 4 at codon 13 and 1 at codon 31. Eight (38.1%) of the 21 squamous cell carcinomas had K-ras mutations, with 6 at codon 12, 1 at codon 13 and 1 at codon 61. In addition, the K-ras mutation rate was higher in smokers than in non-smokers (51.4% vs. 24.4%, P=0.015). There were no significant differences in K-ras mutation rates between different sexes and histological types in NSCLC (Table III) .
Detection of activated K-ras by membrane array.
The peripheral blood samples from these 76 NSCLC patients were analyzed with our previously designed K-ras oncogene membrane array for the detection of K-ras activation. The interpretations of membrane array outcomes were based on our previous study. In other words, when ≥11 of the 22 marker genes on membrane array were positive (overexpressed), the membrane array was determined to be 'positive'. In contrast, a membrane array assay with less than 11 positive markers was defined to be 'negative'. Representative images of membrane array are shown in Fig. 2 . As a result, the membrane array could positively detect activated K-ras in 31 (40.8%) of the 76 NSCLC patients, including 17 of the 44 females and 14 of the 32 males. The positive detection rates were similar for male and female NSCLC patients (38.6 vs. 43.8%, P=0.654), while being significantly higher in smokers than in non-smokers (57.1 vs. 26.8%, P=0.009). Regarding the histological types, 21 (38.2%) of the 55 lung adenocarcinomas and 10 (47.6%) of the 21 squamous cell carcinomas were detectable with K-ras activation by membrane array method. Although the positive detection rate was higher in squamous cell carcinomas than in adenocarcinomas, the difference did not reach a statistical ONCOLOGY REPORTS 18: 17-24, 2007 Table III. Detection of K-ras mutations in 76 NSCLC patients by direct sequencing.
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AC, adenocarcinoma; SC, squamous cell carcinoma. a P<0.05. Representative images of membrane array assay. Briefly, each spot on membrane array represented an oligonucleotide probe. After being scanned, transformed into spot intensity, and normalized to the level of ß-actin, the normalized intensity of each spot was converted to the expression ratio of a marker gene for statistical analysis. Individual markers with expression ratio 2-fold higher than the corresponding normal expression ratio were determined to be 'positive' (overexpressed). Finally, a test with ≥11 positive markers on membrane array was determined to be 'positive'. For instance, 18 of the 22 target genes were overexpressed in a NSCLC patient (case 18, with K-ras mutation in codon 12 by direct sequencing). Thus, this membrane array assay was determined to be 'positive'. On the other hand, only 4 of the 22 target genes were overexpressed in another NSCLC patient (case 4, without K-ras mutation by direct sequencing), thereby determined to be 'negative'. significance (P=0.454). As we analyzed the correlations between the results of membrane array assays and the pathological stages of NSCLC patients, we found a trend that the detection rates were higher when the patients were at more advanced stages. However, the difference did not reach a statistical significance (P=0.648) (Table IV) .
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In the histological subgroup analysis of the correlation between smoking and activated K-ras, we found that smoking is associated with more frequent activated K-ras not only in lung adenocarcinomas (56.5% in smokers vs. 25% in nonsmokers, P=0.017) but also in lung squamous cell carcinomas (66.7% in smokers vs. 22.2% in non-smokers, P=0.043) ( Table V) .
Comparisons between the results by direct sequencing and membrane array.
The correlations between the detections of K-ras oncogene by direct sequencing and membrane array were further explored. Our results demonstrated that detections of K-ras oncogene by these two methods were comparable. Among the 28 patients with K-ras mutations, 27 were positively detected by membrane array. In detail, all the 27 patients with K-ras mutations at codons 12, 13 and 61 were positive on membrane array assays, while the only one patient with K-ras mutation at codon 31 was negative on membrane array assay. In addition, 4 of the 48 patients without K-ras mutations were also positively detected for activated K-ras by membrane array method (Table VI) .
Discussion
Direct sequencing analysis of K-ras mutation in our study showed that 36.8% of Taiwanese NSCLC patients have K-ras mutations. Seventy-five percent of the K-ras mutations occurred at codon 12 and 17.9% at codon 13. There was no significant difference between males and females. These results are consistent with other previous studies reporting the mutations of K-ras in other countries. Noteworthily, the frequency of K-ras mutation of lung squamous cell carcinomas in our study was comparable with that of lung adenocarcinomas. This is somewhat different from other reports that K-ras mutations are specific for adenocarcinomas. However, it is not a novel finding that K-ras mutations can play a role in the development of adenocarcinomas as well as of squamous cell carcinomas. In a study examining mutational pattern of K-ras among 27 Chinese lung cancer patients (20) , K-ras mutations were found in 7 (54%) of 13 squamous cell carcinoma and 5 (42%) of 12 adenocarcinoma (AC) patients. In a larger study by Dr Vachtenheim J in the Czech Republic (21), K-ras Table IV . Detection of activated K-ras by membrane array and the correlations between activated K-ras and clinicopathological features in 76 NSCLC patients. 
AC, adenocarcinoma; SC, squamous cell carcinoma. a P<0.05. Table V . Histological subgroup analysis of the correlations between smoking and activated K-ras. 
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- Table VI . Correlation between the results of direct sequencing and membrane array analysis for detection of K-ras oncogene. 
mutation was found in 17 (12%) of the 118 lung squamous cell carcinomas and 7 (37%) of 19 lung adenocarcinomas. Further studies investigating the associations between the environmental factors and K-ras mutations in lung squamous cell carcinomas are needed to clarify such geographic differences.
Exposure to carcinogenic agents in tobacco smoke proved to be an important factor in the induction of point mutations in K-ras in human lung cancers. Studies have shown that the K-ras mutations in NSCLC were more frequently found in smokers (25-43%) than in non-smokers (0-8.7%) (5, 6, 22, 23) . Our study demonstrated a similar result showing that the K-ras oncogene was more frequently found in smokers than in non-smokers, either using direct sequencing or the membrane array method. Analysis of the correlation between smoking and K-ras mutations demonstrated that 51.4% of the smokers had K-ras mutation, compared with only 24.4% in nonsmokers. We also found that most of the K-ras mutations in smokers were located at codon 12, with only one exception that occurred at codon 13. On the contrary, the locations of K-ras mutation in non-smokers were equally distributed at codons 12 and 13, each with four patients. Moreover, the two NSCLC patients with K-ras mutations at codons 31 and 61 were both non-smokers. Our findings suggest a strong correlation between smoking and K-ras mutation at codon 12, which is consistent with previous reports (6, 24) . In the histological subgroup analysis of the correlation between smoking and activated K-ras, we found that the smoking status is associated with more frequent activated K-ras not only in lung adenocarcinomas but also in lung squamous cell carcinomas. This indicates that smoking may also play a role in the induction of K-ras mutation in lung squamous cell carcinomas.
Another interesting finding of our results is the higher detection rate of K-ras oncogene in non-smokers than that of others. The racial, geographic and environmental differences in carcinogenesis of NSCLC may explain this finding. The high incidence and mortality of lung cancer in Chinese women despite a low smoking prevalence have led to extensive research in other cultural and environmental factors, including indoor pollution, diet and infections. Studies have confirmed the exposure to cooking oil fumes as a risk factor for lung cancer in Taiwanese women (25, 26) . Another study by Cheng et al reported a strong association of human papillomavirus 16/18 infection with lung cancer in non-smoking Taiwanese women (27) . However, further studies are needed to determine whether these factors could act like tobacco smoke in the activation of K-ras and their mechanisms.
In the present study, we also detected gene overexpression specific for activated K-ras in 76 NSCLC patients by using the membrane array method. When compared with the detection of K-ras mutations by direct sequencing, the K-ras oncogene membrane array is so sensitive that all the 27 patients with K-ras mutations at codon 12, 13, 61 were positively detected. Moreover, 4 of the 48 patients without K-ras mutations were also positively detected for activated K-ras by the membrane array method. This result is compatible with previous evidence that K-ras may still play a role in oncogenesis in the absence of activating mutation. A patient with K-ras mutation at codon 31 was negative for the membrane array assay. This indicates that a mutation of K-ras at codon 31 does not activate the K-ras pathway but its biological significance is unclear and in need of further study.
The ability to detect K-ras oncogene may have a great influence in the management of NSCLC patients, including early detection, risk stratification and therapeutic guidance. K-ras could serve as a molecular marker for early diagnosis of lung cancer (28) (29) (30) . Studies using different methods have successfully detected K-ras oncogene in sputum and bronchioalveolar lavage fluid samples from NSCLC patients with a detection rate of 25-48% (31) (32) (33) (34) . Although the predicting values of K-ras in the prognosis of NSCLC are somewhat conflicting, two meta-analysis studies confirmed that the presence of K-ras mutations is associated with a worse survival in NSCLC patients (8, 9) . In addition, studies have shown that mutations in K-ras were associated with a lack of sensitivity to Gefitinib or Erlotinib (35) , and a poorer clinical outcome when an NSCLC patient was treated with Erlotinib and chemotherapy (36) . As more and more evidence suggests that molecular markers appear in blood via tumor shedding or circulating cancer cells even at the early stage of cancer, the peripheral blood provides a reliable and more convenient clinical sample for molecular diagnosis of lung cancer. In the present study, the membrane array detected K-ras oncogene in the peripheral blood in all of the 27 NSCLC patients with K-ras mutations at codons 12, 13 and 61 in their tumor tissues. We believe this K-ras oncogene membrane array has greater potential for clinical applications than other previous methods.
In conclusion, 36.8% of NSCLC patients in Taiwan have K-ras mutations with hotspots at codons 12 and 13. The incidences of K-ras mutation in the subgroups of non-smokers and squamous cell carcinomas are relatively higher in Taiwan than in other countries. Our K-ras oncogene membrane array which positively detected circulating activated K-ras in all the NSCLC patients with K-ras mutations at codons 12, 13 and 61 has a great potential for clinical application.
